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regulated	with	 decreasing	 pH).	 Gene	 set	 enrichment	 analysis	 revealed	 that,	 of	 the	
processes	downregulated,	many	were	components	of	the	universal	cellular	stress	re-





support	 our	 ability	 to	 predict	 the	 effects	 of	 future	 ocean	 acidification	 on	 marine	
organisms.




sphere	 and	 the	 oceans	 (Le	 Quéré,	 Raupach,	 &	 Canadell,	 2009).	
Increased	pCO2	 in	 surface	waters	alters	 the	carbonate	chemistry	of	
sea	water,	 ultimately	 increasing	 hydrogen	 ion	 (H+),	 bicarbonate	 ion	
(HCO3
−),	 and	 dissolved	 inorganic	 carbon	 (DIC)	 concentrations	 and	
decreasing	pH	and	carbonate	ion	(CO3
2−)	concentrations.	This	process	
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is	 termed	ocean	acidification	 (Caldeira	&	Wickett,	 2003;	Orr,	 Fabry,	
&	Aumont,	 2005).	While	 occurring	 in	 all	 of	 the	world’s	 oceans,	 the	
largest	changes	in	carbonate	chemistry	are	expected	to	occur	 in	the	
Arctic	 seas	 (Steinacher	 et	al.,	 2009;	 Bellerby,	 Anderson,	 &	 Azetsu-	











intracellular	 pH	 (Whiteley,	 2011).	 Maintaining	 pH	 homeostasis	 can	
incur	additional	energetic	costs	when	organisms	must	actively	com-















The	 ability	 of	 an	 organism	 to	maintain	 fitness-	related	 traits,	 like	
growth,	 reproduction,	 and	 development,	while	 exposed	 to	 a	 stress-
ful	environment	by	adjusting	underlying	physiological	processes	has	
been	referred	to	as	phenotypic	buffering	(Reusch,	2014).	Phenotypic	
buffering	 is	 crucial	 for	 tolerance	of	 spatially	and	 temporally	variable	
environments,	and	organisms	that	are	capable	of	phenotypic	buffering	
may	be	able	to	adapt	more	easily	to	long-	term	environmental	change	








potential	 to	measure	expression	 in	all	 transcribed	genes,	not	 limited	
to	a	targeted	set	of	genes	in	a	microarray.	This	has	allowed	for	a	uni-
versal,	nontargeted	exploration	of	gene	expression	(or	transcriptomic)	








et	al.,	 2008).	 It	 is	 an	 important	 prey	 for	 fish,	 seabirds,	 and	 baleen	
whales	 (Lowry,	 1993;	 Karnovsky,	 Kwasniewski,	Weslawski,	Walkusz,	
&	Beszczynska-	Möller,	2003;	Hop	&	Gjøsæter,	2013).	Calanus glacia-
lis	maintains	 its	vital	rates	at	normal	 levels	when	exposed	to	 low	pH.	
Organismal-	level	 measures	 such	 as	 respiration,	 ingestion,	 survival,	
gonad	maturation,	egg	production,	and	naupliar	growth	and	develop-
ment	 are	 unaffected	 by	 low	 pH	 (Weydmann,	 Søreide,	 Kwasniewski,	
&	 Widdicombe,	 2012;	 Hildebrandt,	 Niehoff,	 &	 Sartoris,	 2014;	
Hildebrandt,	Sartoris,	Schulz,	Riebesell,	&	Niehoff,	2015;	Bailey,	Thor,	&	
Browman,	2016).	In	this	study,	we	sought	to	characterize	the	molecular-	
level	 response	 of	C. glacialis	 nauplii	 to	 lowered	 pH	 to	 elucidate	 the	
physiological	processes	 involved	 in	this	 tolerance.	Understanding	the	
mechanisms	of	phenotypic	buffering	 that	 allow	some	 species	 to	 tol-
erate	a	wide	range	of	pH	is	important	for	the	field	of	ocean	acidifica-
tion	research.	Not	only	can	 it	help	detect	 low-	level	stress	potentially	
unnoticed	 in	 organismal-	level	 measurements,	 but	 it	 also	 contributes	
to	understanding	how	some	species,	but	not	others,	can	tolerate	low	
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30	 individuals	 from	each	 tank	and	 identifying	naupliar	 stages	under	
a	 stereoscope.	As	 stages	N1	 and	N2	 do	 not	 feed,	 the	 nauplii	were	
fed	with	 a	mix	 of	 live	 algae	mixture	 starting	 at	 stage	N3	 (Isochrysis 






following	 the	 Intergovernmental	 Panel	 on	 Climate	 Change’s	 (IPCC)	
RCP8.5/SRES	A2	 carbon	emission	 scenario	 (Steinacher	 et	al.,	 2009;	
Ciais,	Sabine,	&	Bala,	2013),	and	ΔpH	=	-	0.7	by	2,300	following	the	
extended	 IPCC	ERC8.5	 scenario	 (Caldeira	&	Wickett,	2003;	Collins,	











water	 (for	 the	 low-	and	mid-	pH	treatments)	or	CO2-	stripped	air	 (for	




Engineering).	 Sea	 water	 from	 each	 of	 the	 four	 mixing	 tanks	 was	
pumped	into	header	tanks,	each	of	which	fed	three	40-	L	experimen-
tal	 tanks.	 Inflow	 of	 treatment	water	 to	 the	 experimental	 tanks	was	
10–20	L/min.
The	pHNBS	of	each	treatment	was	logged	continuously	by	the	pH	
electrode	 in	 each	mixing	 tank.	Additionally,	water	 samples	 (100	mL)	
from	each	experimental	tank	were	taken	every	few	days	(n	=	10	during	






2010).	 Temperature	was	measured	 daily	 in	 every	 tank.	Methods	 of	
spectrophotometric	pHT	and	carbonate	chemistry	measurements	are	
described	 in	more	detail	 in	Bailey	et	al.	 (2016).	Carbonate	chemistry	
parameters	in	the	experiment	are	given	in	Table	S9.
2.3 | Nauplii sampling












Total	 RNA	 was	 extracted	 from	 each	 of	 the	 23	 samples	 using	 an	
RNeasy	Mini	kit	 (Qiagen).	RNA	concentration	was	measured	with	a	
high-	sensitivity	 QuBit	 fluorometric	 assay	 (Life	 Technologies),	 and	
its	 quality	 was	 tested	 with	 a	 denaturing	 MOPS	 gel	 electrophore-
sis	assay.	From	total	RNA,	mRNA	was	isolated	and	fragmented,	and	
the	complementary	DNA	(cDNA)	 libraries	were	synthesized	accord-
ing	 to	 the	TruSeq	RNA	sample	preparation	v2	 low	sample	protocol	
(Illumina).	 Concentrations	 of	 cDNA	 were	 measured	 with	 the	 high-	
sensitivity	QuBit	 fluorometric	 assay.	Barcoded	 index	 adapters	were	
ligated,	and	samples	were	pooled	equimolarly	(5–6	samples	per	pool)	
and	sequenced	single-	end,	with	a	50	bp	read	 length	 in	four	 lanes	 in	
an	 Illumina	HiSeq	2500	high-	throughput	 sequencing	machine	 (High	
Output	mode)	at	the	Swedish	National	Genomics	Infrastructure	(SNP	
&	SEQ	platform)	in	Uppsala,	Sweden.	All	raw	data	were	submitted	to	






open-	access	 scripts	 (https://github.com/DeWitP/SFG;	 downloaded	
on	 13	 January	 2016).	 In	 short,	 low-	quality	 sequenced	 bases	 (Phred	
score	<	20)	 were	 removed	 using	 the	 Fastx-	toolkit	 (0.0.13),	 as	 were	
adapter	sequences.	Duplicate	reads	were	identified	and	counted	using	
MarkDuplicates	(Picard	tools	2.0.1).
A	de novo	 transcriptome	was	 compiled	 from	636,738,663	 reads	
into	 contiguous	 sequences	 (contigs,	 putative	 transcripts)	 using	 CLC	
Genomics	Workbench	(Ver.	8.5.1;	QIAGEN	Aarhus	A/S).	The	CLC	De	
Novo	Assembly	tool	was	used	with	simultaneous	mapping	(minimum	
contig	 length	=	200	bp,	 mismatch	 cost	=	1,	 insertion	 cost	=	2,	 dele-
tion	cost	=	2,	no	global	alignment,	update	contigs	based	on	mapping)	
and	 default	 settings	 (length	 fraction	=	0.5,	 similarity	 fraction	=	0.8).	
Transcriptome	 assembly	 and	 annotation	 completeness	 were	 evalu-
ated	using	Benchmarking	Universal	Single-	Copy	Orthologs	 (BUSCO)	
analysis,	which	 is	 based	 on	 evolutionarily	 informed	 expectations	 of	
gene	content	 (ver	2.0;	Simão,	Waterhouse,	 Ioannidis,	Kriventseva,	&	
Zdobnov,	2015).	Individual	reads	were	mapped	to	this	transcriptome	








tigs	 which	 matched	 known	 C. glacialis	 ribosomal	 sequences	 (1,006	
sequences,	 downloaded	 from	NCBI	 on	 12	April	 2016)	 reduced	 the	
number	of	duplicates,	resulting	in	45%–93%	duplicate	reads	per	sam-
ple.	As	 duplicate	 reads	may	 arise	 from	 highly	 expressed	 genes	 and	
may	 have	 biological	 significance,	 they	 were	 not	 removed	 (Parekh,	
Ziegenhain,	Vieth,	Enard,	&	Hellmann,	2015).
To	associate	physiological	function	to	each	of	the	contigs,	the	pro-
teins	 for	 which	 the	 contigs	 coded	 were	 identified	 by	 searching	 the	





















2014a).	 DESeq2	 outperforms	 nearly	 all	 other	 HTS	 gene	 expression	
R	 packages	 in	 detecting	 significantly	 differently	 expressed	 genes	
(Seyednasrollah,	 Laiho,	&	Elo,	 2013;	 Love,	Huber,	&	Anders,	 2014b;	

































truly	 affect	 fitness,	 which	 often	 show	 mild	 fold	 changes	 (Evans,	







our de novo	 transcriptome	 as	 a	 reference,	 and	 a	 significance	 cutoff	
(α)	of	FDR-	adjusted	p-	value	of	.05.	GOs	with	log-	odds	ratio	(LOR)	<	0	
were	taken	to	be	downregulated,	and	LOR	>	0	upregulated.
To	 distill	 the	most	 important	 functions	 affected	 by	 pH,	 the	 sig-
nificant	 GOs	were	 clustered	 based	 on	 their	 semantic	 similarity	 and	
GSEA	 p-	value	 (SimRel	>	0.5;	 Schlicker,	 Domingues,	 Rahnenführer,	
&	 Lengauer,	 2006)	 using	ReViGO	 (Supek,	Bošnjak,	 Škunca,	&	Šmuc,	













with	 18.1%	 fragmented	 and	 only	 6.5%	missing.	Of	 59,353	 contigs,	
19,790	(33%)	were	associated	with	GO	classifications,	with	an	aver-
age	of	3.54	classifications	per	contig.





tigs	 upregulated	 at	 lower	 pH	 (Figure	1).	 Biological	 replicates	 (tanks)	












There	 were	 184	 key	 downregulated	 molecular	 functions,	 including	
transcription	 factors,	 serine-	type	 endopeptidase	 activity,	 receptor	





As	 fewer	 contigs	were	 significantly	 upregulated	 at	 lowered	 pH,	
fewer	GO	 terms	 (91	biological	process	GO	 terms	and	39	molecular	
function	 GOs)	 and	 KEGG	 pathways	 (13)	 were	 identified	 as	 signifi-
cantly	upregulated.	The	condensed	list	of	biological	process	GOs	that	
were	upregulated	at	lowered	pH	include	myosin	filament	organization,	










In	 a	 parallel	 study	 on	 the	 same	 experimental	 cultures,	 C. glacialis 
nauplii	 were	 able	 to	 develop,	 grow,	 and	 respire	 at	 normal	 rates	 in	
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CO2-	acidified	sea	water	down	to	pH	7.5	(Bailey	et	al.,	2016).	On	the	
organismal	 level,	 therefore,	 C. glacialis	 nauplii	 were	 tolerant	 of	 pH	
levels	 relevant	 for	 future	ocean	acidification	scenarios.	However,	 in	
the	present	study,	significant	changes	occurred	at	the	transcriptomic	
level,	 despite	 the	 lack	 of	 an	 observable	 response	 on	 organismal-	
level	vital	 rates	 (Bailey	et	al.,	2016).	Altered	gene	expression	at	 low	
pH	indicated	regulation	of	ion	exchange	activity,	DNA	transcription,	
molecular	 chaperones,	 and	 processes	 involved	 in	 locomotor	 activ-
ity	in	N6	nauplii.	This	may	have	allowed	C. glacialis	to	phenotypically	
buffer	 the	 change	 in	 pH,	 thus	 maintaining	 normal	 nauplii	 develop-
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inconsistency	 in	 the	 measured	 responses	 of	 marine	 organisms	 to	
low	pH,	 even	within	 taxa	 (Kroeker	 et	al.,	 2010;	Kroeker,	 Kordas,	&	




4.1 | Percentage of transcriptome altered
Investigating	 the	 expression	 of	 single	 genes	 identified	 151	 genes	













fish	 in	 response	 to	pH	and	heat	stress	 (0.08%–1.0%;	Huth	&	Place,	











Acclimation	 to	 altered	 pH	 over	 the	 exposure	 period	 may	 have	
reduced	 the	 number	 of	 differentially	 expressed	 genes	 over	 time,	 as	
differential	 gene	 expression	 is	 often	 highest	 immediately	 after	 the	










genes	 that	were	differentially	 expressed	5	hr	 after	 a	 simulated	heat	
wave	but	not	after	20	hr.	The	copepods	 in	 this	study	were	exposed	
F IGURE  4 Cytoscape	network	of	the	most	significant	upregulated	biological	process	Gene	Ontology	(GO)	terms	in	C. glacialis,	linked	by	
SimRel	semantic	similarity	of	the	terms	by	ReViGO.	Plot	components	as	in	Figure	3
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for	 35–38	days	 before	 sampling	 and	 therefore	may	 have	 had	 larger	
differences	in	gene	expression	between	high	and	low	pH	immediately	
after	 the	pH	treatments	began.	 Investigating	gene	expression	 in	N6	








Further,	 mortality	 was	 not	 tracked	 in	 these	 experiments	 and	 is	






4.2 | Regulation of gene set expression
Investigating	 the	 coordinated	 expression	 of	 sets	 of	 genes	 revealed	
that	 a	 wide	 range	 of	 biological	 processes	 were	 affected	 by	 pH	 in	








lipid	 metabolism,	 and	 energy	 metabolism	 (Kültz,	 2005).	 In	 a	 meta-	
analysis	of	14	studies	of	transcriptomic	responses	of	oysters	(genera	
Crassostrea,	Ostrea,	 and	 Saccostrea)	 to	 various	 stressors,	 Anderson	
et	al.	 (2015)	defined	12	 intracellular	processes	affected	by	stress	as	
follows:	 cell	 cycle,	 communication/signaling,	 cytoskeleton,	 extra-
cellular	matrix,	 immunity,	metabolism,	 nucleic	 acid	 regulation	 (DNA	




cycle	 regulation,	metabolism,	 DNA	 repair,	 protein	modification	 and	
degradation,	redox	regulation,	and	transcription	regulation	(Table	1).




transcriptomic	 upregulation	 of	 genes	 coding	 for	 them)	 is	 expected	
(Tomanek	 &	 Somero,	 2000;	 Kültz,	 2003),	 as	 has	 been	 reported	 in	
numerous	marine	 organisms	 (Lauritano,	 Procaccini,	 &	 Ianora,	 2012;	
Tomanek,	2014;	Huth	&	Place,	2016).	However,	several	studies	show	
both	 up-	 and	 downregulation	 of	 CSR-	related	 genes	 in	 response	 to	








to	 decreased	 pH	 by	 downregulating	 genes	 associated	 with	 stress	
response.	 In	contrast,	 the	sensitive	wild	population	upregulated	 the	
same	genes.	Raising	wild	oysters	in	low	pH	water	for	only	three	gen-
erations	 produced	 oysters	 that	 responded	 to	 low	 pH	 stress	 in	 the	
same	way	as	 the	 selectively	bred	 line	 (selected	 for	 fast	growth	and	
disease	 immunity	 over	 seven	 generations),	 namely	 downregulation	
of	stress	genes	(Parker	et	al.,	2012).	Similarly,	gene	expression	of	an	
Antarctic	 fish,	 whose	 adaptation	 to	 cold	 waters	 involves	 constitu-
tively	elevated	stress-	related	genes,	shows	a	downregulation	of	those	
genes	 when	 exposed	 to	 temperature	 stress	 (Huth	 &	 Place,	 2016).	
Heat-	tolerant	strains	of	Daphnia pulex	showed	a	general	downregula-
tion	of	genes	 involved	 in	 transcription,	 translation,	DNA	replication,	
DNA	repair,	and	core	metabolic	pathways	in	response	to	heat	stress,	














tion	 of	 proteins	 and	 genes	 in	 response	 to	 low	pH	 stress	 (Todgham	
&	Hofmann,	2009;	Evans	&	Watson-	Wynn,	2014;	Dineshram	et	al.,	









expressed	 proteins	were	 downregulated	 at	 low	pH,	 overshadowing	
the	influence	of	temperature	and	salinity	stressors	(Dineshram	et	al.,	
2016).	They	suggested	that	while	the	function	of	general	downregu-
lation	of	protein	 synthesis	 and	 transcription	at	 low	pH	 is	unknown,	
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protein	synthesis	 is	both	energetically	costly	 (Rolfe	&	Brown,	1997;	
Wieser	&	Krumschnabel,	2001;	Sokolova,	Frederich,	Bagwe,	Lannig,	
&	 Sukhotin,	 2012)	 and	 produces	 reactive	 oxygen	 species	 (ROS;	












Kültz, 2005 Anderson et al., 2015 # p LOR
Energy metabolism Metabolism: lipid binding, lipid metabolism, electron transport, glycolysis, TCA cycle
Fatty acid lipid 
metabolism
GO:0010906 regulation	of	glucose	metabolic	process 138 4.2E−03 −0.40
GO:0006099 tricarboxylic	acid	cycle 75 5.2E−03 −0.53
GO:0042157 lipoprotein	metabolic	process 25 2.9E−03 −0.99
GO:0005975 carbohydrate	metabolic	process 131 1.4E−07 −0.77
GO:0042632 cholesterol	homeostasis 63 8.3E−06 −0.94




KEGG	1100 metabolic	pathways 1,950 4.4E−35 −0.47
DNA repair and 
damage sensing
Nucleic acid repair: DNA repair
GO:0006281 DNA	repair 268 9.9E−18 −0.88
GO:0003684 damaged	DNA	binding 56 1.2E−02 −0.56










GO:0000731 DNA	synthesis	involved	in	DNA	repair 17 1.5E−02 −0.99
Protein degradation Protein regulation: protease, proteosome




GO:0006508 Proteolysis 260 5.9E−09 −0.60




GO:0006511 ubiquitin-	dependent	protein	catabolic	process 138 2.5E−05 −0.59




GO:0005245 voltage-	gated	calcium	channel	activity 49 2.5E−02 −0.53
GO:0005262 calcium	channel	activity 100 5.8E−03 −0.45
Redox Detox and intracellular stress: oxidative stress




GO:1900034 regulation	of	cellular	response	to	heat 25 6.1E−05 −1.32
(Continues)
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GO:0061077 chaperone-	mediated	protein	folding 29 1.2E−02 −0.78
GO:0031072 heat	shock	protein	binding 23 4.6E−02 −0.69
GO:0006457 protein	folding 172 1.2E−07 −0.67
Transcription: nucleosomes
GO:0006351 transcription,	DNA-	templated 1,855 8.1E−20 −0.35
GO:0006355 regulation	of	transcription,	DNA-	templated 1,134 4.0E−15 −0.38
GO:0016568 chromatin	modification 164 4.5E−07 −0.66
GO:0006337 nucleosome	disassembly 10 4.9E−03 −1.45
GO:0000398 mRNA	splicing,	via	spliceosome 183 2.2E−13 −0.91
GO:0010468 regulation	of	gene	expression 118 4.0E−04 −0.54
KEGG	3040 spliceosome 173 1.0E−13 −0.95
Translation, post-translational processing: ribosomes
GO:0006486 protein	glycosylation 203 6.8E−12 −0.81
GO:0003743 translation	initiation	factor	activity 67 1.1E−02 −0.51
GO:0006446 regulation	of	translational	initiation 36 2.6E−03 −0.84
Cell cycle: differentiation, proliferation, apoptosis, death
GO:0060548 negative	regulation	of	cell	death 47 1.9E−03 −0.76
GO:0030154 cell	differentiation 293 1.3E−03 −0.31
GO:0051301 cell	division 352 7.5E−10 −0.54
GO:0007049 cell cycle 191 6.6E−07 −0.60
GO:0007050 cell	cycle	arrest 71 4.7E−02 −0.38
GO:0051302 regulation	of	cell	division 6 4.1E−02 −1.36
GO:0042127 regulation	of	cell	proliferation 116 1.7E−05 −0.66
GO:0045595 regulation	of	cell	differentiation 25 1.2E−02 −0.84















GO:0030866 cortical	actin	cytoskeleton	organization 32 5.8E−03 −0.81
GO:0070062 extracellular	vesicular	exosome 1,506 4.8E−23 −0.42
Extracellular matrix
GO:0030198 extracellular	matrix	organization 103 5.8E−03 −0.45
Immunity
GO:0045087 innate	immune	response 156 5.1E−06 −0.61
GO:0006955 immune	response 107 1.7E−03 −0.50
GO:0002682 regulation	of	immune	system	process 7 4.8E−03 −1.69
TABLE  1  (Continued)
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upregulated	and	then	later	downregulated	in	response	to	heat	stress	in	
C. gigas	(Meistertzheim,	Tanguy,	Moraga,	Thébault,	&	Thebault,	2007)	
or	pH	and	heat	stress	 in	the	staghorn	coral	Acropora aspera	 (Ogawa,	
Bobeszko,	Ainsworth,	&	Leggat,	2013).	In	response	to	stress,	Daphnia 
pulex	shows	an	initial	upregulation	and	then	a	longer-	term	downreg-
ulation	 of	 stress-	related	 genes	 (Heckmann,	 Sibly,	 &	Connon,	 2008).	
This	may	 indicate	 that	 the	 downregulation	we	measured	 is	 a	 result	
of	 the	 long-	term	stress	exposure	prior	 to	sampling.	An	upregulation	
of	 the	 same	 stress-	related	 genes	 may	 have	 occurred	 earlier	 in	 the	
exposure.	Depending	on	the	half-	life	of	the	proteins	they	code	for,	an	
early	upregulation	of	these	stress	genes	could	have	produced	enough	



























the	wide	 range	of	altered	gene	expression	at	 low	pH	 indicates	 that	
they	did	not	succeed	in	fully	maintaining	homeostasis.	Unlike	active	
ion	pumps	which	 hydrolyze	ATP	 to	move	 ions	 across	 a	membrane,	








ulation	 of	 copepods,	 and	 marine	 copepods	 are	 considered	 osmo-
conformers	 (Mauchline,	 1998).	 However,	 the	 calanoid	 copepod	












Fields,	2016).	Actinomyosin	ATPase	 is	 a	 considerable	component	of	
the	 cellular	 energy	budget	 (Rolfe	&	Brown,	1997).	 If	 an	organism	 is	











or	 species.	Altered	gene	expression	can	 indicate	stress	but	also	 the	
ability	to	deal	with	stressors:	Some	indicate	beneficial	responses	and	
some	maladaptive.
In	 evaluating	 altered	 gene	 expression	 in	 response	 to	 potential	
stressors,	 it	 is	 important	 to	 consider	 that	not	 all	 genes	have	a	 simi-
lar	ability	 to	affect	 fitness.	For	many	genes,	 the	silencing	of	a	single	











those	 involved	 in	 chromatin	modification	 and	 cell	 signaling	 (Gibney	
et	al.,	2013;	Jarolim,	Ayer,	&	Pillay,	2013;	Evans,	2015).	Interestingly,	





large	physiological	 changes	may	have	been	altered	 in	C. glacialis via 
these	 transcriptional	 changes.	 Chromatin	 modification	 affects	 DNA	
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replication,	transcription,	and	repair	and	is	a	critical	component	of	an	
organism’s	response	to	stress	(Smith	&	Workman,	2012)	and	acclima-
tion	 to	 their	 environment	 (van	Zanten,	Tessadori,	Peeters,	&	Fransz,	
2013).	Changes	to	chromatin	can	also	be	passed	on	to	offspring	via	





















script.	 As	 a	 result,	 C. finmarchicus	 showed	 mild	 changes	 in	 feeding	
and	mortality	at	increased	temperature,	while	C. glacialis	was	strongly	
affected,	 reducing	 grazing	 and	 showing	 higher	 mortality	 rates	 than	
C. finmarchicus	under	heat	stress.	In	contrast	to	Smolina	et	al.’s	(2015)	
findings	 on	C. glacialis’	 mild	 gene	 expression	 response	 to	 increased	
temperature,	we	found	that	C. glacialis	exhibited	a	significant	change	
in	gene	expression	in	response	to	low	pH.	Similar	to	their	findings,	we	









et	al.,	 2011).	 They	 propose	 that	 the	 quick	 return	 to	 normal	 gene	
expression	after	exposure	to	a	stressor	is	a	sign	that	an	organism	can	
tolerate	environmental	changes.	Seneca	and	Palumbi	(2015)	support	
this	 theory,	 showing	 that	 gene	 expression	 in	 corals	 from	 a	 tolerant	
population	returned	to	control	levels	to	a	greater	extent	than	in	corals	
from	 a	 sensitive	 population,	 in	 response	 to	 heat	 stress.	Those	 indi-
viduals	whose	 gene	 expression	 returned	 to	 control	 levels	 exhibited	













Pan	 et	al.,	 2015),	 transcriptomic	 regulation	 nonetheless	 can	 show	 a	
clear	pattern	of	response	to	environmental	stressors	and,	thus,	indicate	


















ers	may	 contribute	 to	C. glacialis’	 response	 to	 low	pH	without	 add-
ing	additional	cost.	In	predicting	the	effects	of	ocean	acidification	on	
marine	organisms,	understanding	the	molecular	mechanisms	that	con-













of	 Norway	 (HAVKYST	 Project	 #225279	 to	 PT,	 HH,	 and	 HIB),	 the	
Institute	of	Marine	Research	 (Project	#83192-	01	 to	HIB),	 and	Fram	
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